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In this Supplement we provide additional information on the evaluation of scattering rates of the
charge carriers in highly correlated systems from ARPES experiments.
Angle-resolved photoemission spectroscopy (ARPES)
measures the energy (E), momentum (k), and tempera-
ture (T ) dependent spectral function A(E,k, T ) [1] mul-
tiplied by a transition matrix element and the Fermi func-
tion and convoluted with the energy and momentum res-
olution [2]. The coherent part of the spectral function is
given by
A(E,k, T ) = 1
pi
Γ(E,k,T )
2
[E − Ô∗k]2 + [Γ(E,k,T )2 ]2
. (1)
Γ is the scattering rate of the photo hole in the
valence band, and Ô∗k is the renormalized disper-
sion. Ô∗k = Ôk − ÙΣ(E,k, T ), and Γ(E,k, T ) =
−2Z(E,k, T )ÚΣ(E,k, T ). Here Ôk is the bare particle
energy, Σ is the complex self-energy and Z is the renor-
malization function [1]. For small scattering rates, i.e.,
Γ¹ E, together with a linear dispersion Ô∗k, the spectral
function is a Lorentzian for energy distribution curves at
constant momentum (EDC) as well as for momentum dis-
tribution curves at constant energy (MDC). In this case
the spectral function describes the Fermi liquid behavior
of the quasi-particles and Γ is related to their inverse life
time. The spectral function at constant momentum has
a maximum at Ô∗k and a full width at half maximum of
Γ. Very often the description of the spectral function is
extended to higher scattering rates, i.e., Γ is comparable
to the binding energy E [3, 4].
In the standard procedure for the evaluation of the
scattering rates from the ARPES data, MDCs are fit-
ted by a Lorentzian and the FWHM momentum width is
multiplied by the velocity dÔ∗/dk yielding Γ(E, T ) [2, 4].
Very often non-Lorentzian MDCs or EDCs are realized
in the ARPES data. For example a large Γ(E, T ) leads
to long tails in the energy distribution curves. Non-linear
dispersions lead to asymmetric shapes in the MDCs.
Furthermore, large scattering rates lead to contributions
from the unoccupied part of the band causing an appar-
ent back-dispersion for k < kF in hole pockets [5] similar
to dispersions in the superconducting state (see Fig. 1
(a) of the main paper). All this may lead to incorrect
scattering rates when using the standard procedure.
To derive more exact data for the scattering rates, we
developed a new elaborate evaluation method. We fit the
two-dimensional E− k intensity distribution at once, us-
ing as parameters Γ(E, T ) at each energy point, as well
as parameters describing the dispersion of Ô∗k. Usually a
parabolic dispersion gives reasonably fits. Higher orders
in k did not improve the fits presented in the main pa-
per. Other fit parameters describe a weakly momentum
and energy dependent background which is added to the
spectral function. The sum is multiplied with the Fermi
function and the product is then convoluted with the en-
ergy and momentum resolution. We mention that very
close to the Fermi level, the derived Γ values are very
sensitive to the exact position of the Fermi level.
From the analysis of the ARPES data described above,
we obtain the energy dependent total scattering rate
Γ(E, T ) which is the sum of the elastic scattering rate
Γel(E) and the inelastic scattering rate Γin(E, T ). To ob-
tain the inelastic scattering rates we have to subtract the
elastic scattering rates. Γel(E) is usually assumed to be
constant [4] which is reasonably for a small energy range.
However, this holds only for a linear dispersion when
the velocity v(E) is constant because Γel(E) = v(E)w0,
where w0 is the momentum width at the Fermi level re-
lated to the constant inverse mean free path between
scattering sites inducing elastic scattering. To obtain
the inelastic lifetime broadening for a parabolic disper-
sion, one has to subtract the energy dependent Γel(E)
from Γ(E, T ). w0 can be calculated from the data near
EF because for small temperatures there Γin(0, 0) is
zero and thus Γel(0) = Γ(0, 0) = v(0)w0. Thus we de-
rive for the energy dependence of the elastic scattering
Γel(E) = v(E)w0 = Γ(0, 0)(v(E)/v(0)). The velocities
are taken from the measured dispersion.
ar
X
iv
:2
00
5.
08
21
6v
1 
 [c
on
d-
ma
t.s
up
r-c
on
]  
17
 M
ay
 20
20
2∗ Present address: Department of Chemistry, University of
British Columbia, Vancouver, Canada BC V6T 1Z1
† Present address:.Department of Physics and Astronomy,
University of British Columbia, Vancouver V6T 1Z4,
British Columbia, Canada
[1] G. D. Mahan, Many-Particle Physics (Kluwer Aca-
demic/Plenum Publishers, New York, 2000).
[2] A. Damascelli, Z. Hussain, and Z.-X. Shen, Rev. Mod.
Phys. 75, 473 (2003).
[3] G. Grimvall, The electron-phonon interaction in metals
(North-Holland, 1981).
[4] T. Valla, A. V. Fedorov, P. D. Johnson, and S. L. Hulbert,
Phys. Rev. Lett. 83, 2085 (1999).
[5] S. Hüfner, R. Claessen, F. Reinert, T. Straub, V. Strocov,
and P. Steiner, Journal of Electron Spectroscopy and Re-
lated Phenomena 100, 191 (1999).
Linkage between scattering rates and superconductivity in doped ferropnictides
J. Fink,1, 2, 3 E.D.L.Rienks,4 M.Yao,2 R.Kurleto,1, 5 J. Bannies,2, ∗ S.Aswartham,1 I.Morozov,1 S.Wurmehl,1, 3
T.Wolf,6 F.Hardy,6 C.Meingast,6 H.S. Jeevan,7 J.Maiwald,7, † P.Gegenwart,7 C.Felser,2 and B.Büchner1, 3
1Leibniz Institute for Solid State and Materials Research Dresden, Helmholtzstr. 20, D-01069 Dresden, Germany
2Max Planck Institute for Chemical Physics of Solids, D-01187 Dresden, Germany
3Institut für Festkörperphysik, Technische Universität Dresden, D-01062 Dresden, Germany
4Helmholtz-Zentrum Berlin, Albert-Einstein-Strasse 15, 12489 Berlin, Germany
5M. Smoluchowski Institute of Physics, Jagiellonian University, Łojasiewicza 11, 30-348, Kraków, Poland
6Institute for Quantum Materials and Technologies,
Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany
7Institut für Physik, Universität Augsburg, Universitätstr.1, D-86135 Augsburg, Germany
We report an angle-resolved photoemission study of a series of doped ferropnictides. We focus
on the energy dependent scattering rate Γ(E) of the inner hole pocket, which is the hot spot in
these compounds, as a function of the 3d count. We obtain a linear-in-energy non-Fermi-liquid like
scattering rate, independent of the dopant concentration. The main result is that slope Γ(E)/E,
which can be related to a coupling constant, scales with the superconducting transition temperature.
This supports the spin fluctuation model for superconductivity for these materials. In the optimally
hole-doped compound, the slope of the scattering rate of the inner hole pocket is about three times
bigger than the Planckian limit Γ(E)/E ≈ 1. This signals very incoherent charge carriers in the
normal state which transform at low temperatures to a coherent superconducting state.
Introduction. There is an ongoing debate about the
mechanism for unconventional superconductivity in iron-
based superconductors (FeSCs) [1]. The most popular
model is connected with spin fluctuation scattering pro-
cesses between hole pockets in the center and electron
pockets at the border of the Brillouin zone (BZ), together
with a sign change of the superconducting order parame-
ter: the s± superconductivity [2, 3]. While the cuprates
have just one band near the Fermi surface, the situation
is, however, rather complicated for FeSCs. In the latter
there are three hole and two electron pockets, and several
of them have sections with different orbital character.
Therefore, it is rather difficult to receive a microscopic
picture for the mechanism of high-Tc superconductivity
in these materials.
Our previous ARPES studies, mainly on electron-
doped compounds [4–6] and on LiFeAs [7], indicate that
the strongest scattering rate Γ(E, T ≈ 0), which is equal
to the inverse lifetime broadening, occur between sections
of the inner hole pocket and the inner electron pocket,
both having the same orbital character (Fe 3dxz,yz). At
these hot spots a linear-in-energy scattering rate was de-
tected which, for the cuprate superconductors, was de-
scribed by the conjecture of a marginal Fermi liquid [8].
However, Brouet et al. [9] received conflicting experi-
mental results on scattering rates in FeSCs. They ob-
tained a quadratic-in-energy dependence of the scatter-
ing rates Γ(E, T ≈ 0) corresponding to a Fermi liquid
behavior. Moreover, combined density functional plus
dynamical mean field theory (DFT+DMFT) calculations
derive by construction a quadratic energy dependence of
Γ(E, T ) [5, 7, 10, 11].
In our previous studies we have just conjectured that
strong scattering processes mediate superconductivity.
There was no direct comparison of the scattering rates
with superconducting properties such as the supercon-
ducting transition temperature Tc. In the present con-
tribution we compare the doping dependent strength of
the scattering rates of the inner hole pocket with Tc. We
obtain for both a rather similar doping dependence and
we therefore conclude that the scattering rates of the in-
ner hole pockets are related to superconductivity. From
this comparison we also derive that superconductivity is
determined by a combination of correlation effects and
nesting conditions. Furthermore, using our new elabo-
rated evaluation technique for the analysis of Γ(E) from
the ARPES data of optimally hole-doped FeSCs close to
the Fermi level, we conclude that the charge carriers at
the hot spots have not Fermi liquid character, but can
be well described by the marginal Fermi liquid model.
Finally, from our experimental scattering rates we con-
clude that the hot spot charge carriers are completely
incoherent, i.e., Γ(E º pikBT, T )/E ≈ 3 well above the
Planckian limit, where Γ(E º pikBT, T )/E = 1 [12].
Experimental. Single crystals were grown using the
self-flux technique [13–15]. ARPES measurements were
conducted at the 12 and 13-ARPES end stations attached
to the beamline UE112 PGM at BESSY. All data pre-
sented in this contribution were taken in the normal state
at temperatures between 5 and 50 K. The achieved en-
ergy and angle resolutions were between 4 and 15 meV
and 0.2◦, respectively. Polarized photons with energies
hν = 20−130 eV were employed to reach different kz val-
ues in the BZ and spectral weight with a specific orbital
character [16, 17]. Inner potentials between of 12 and 15
eV were used to calculate the kz values from the photon
energy.
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FIG. 1. ARPES data of optimally hole-doped K0.4Ba0.6Fe2As2. (a) experimental energy-momentum distribution map. Red
line: fitted dispersion. (b) fit result for (a). (c) difference plot between (a) and (b). (d) Waterfall plot of the experimental data
(black dots) together with a least squares fit (green lines). Uppermost spectrum E = EF , lowest spectrum E = 0.12 eV. (e)
Scattering rates Γ(E, T = 50 K) as a function of energy E derived from the least squares fit. Green line: fit with a marginal
Fermi liquid model. Dashed green line: contribution from elastic scattering. Blue line: fit with a Fermi liquid behavior.
Results. We focus mainly on data of hole-doped com-
pounds. In Fig. 1 we exemplary show ARPES data
of optimally hole-doped K0.4Ba0.6Fe2As2 (Tc = 38 K),
recorded at a temperature T = 50 K along the Γ-M di-
rection (direction between centers of the hole and the
electron pocket) using vertically polarized photons with
an energy of 62 eV. Under these experimental conditions
we record the spectral weight of the inner hole pocket at
the Γ point having predominantly Fe 3dyz character [16].
In Fig. 1(a) we show an energy momentum distribution
map.
Usually Γ(E) is analyzed using the standard evalua-
tion method, i.e., multiplying the momentum distribu-
tion (MDC) width with the velocity [18, 19]. In the
present contribution we analyze Γ(E, T ) using an elab-
orate fitting procedure. The two-dimensional intensity
distribution is described by the spectral function multi-
plied by the Fermi function [20]. The product is then
convoluted with the finite energy and momentum reso-
lution. The resulting function is fitted to the data using
an all-at-once approach. Only in this way reliable results
at low energies can be derived. Our fitting method is de-
scribed in more detail in the supplementary material [21].
The fit result and the corresponding residual for the
spectral weight are presented in Fig. 1(b) and (c), re-
spectively. A waterfall plot of the data together with the
fit result in the energy range 0.0 to 0.12 eV is shown in
Fig. 1(d). The derived energy dependence of the scatter-
ing rate Γ(E, T = 50 K) is depicted in Fig. 1(e). The data
can be well fitted by a marginal Fermi liquid behavior
for the inelastic part Γin(E, T ) = λ[E2 + (pikBT )2]1/2 [8]
plus a slightly energy dependent elastic scattering rate
Γel(E) = Γel(0)v(E)/v(0) [21] due to impurities or de-
fects at the surface [20] (see the dashed green line in
Fig. 1(e)). Here v(E) = dÔ∗k/dk is the velocity. From the
fit we derive a dimensionless coupling constant λ = 3.0,
Γ(0, T = 50 K) = 0.084 eV and Γel(0) = 0.044 eV.
The difference Γ(0, T = 50 K) − Γel(0) = 0.040 eV
agrees well with the contribution Γin(0, T = 50 K) cor-
responding to a finite temperature T = 50 K equal to
λpikBT = 0.042 eV. Γel(0) = 0.044 eV together with
the Fermi velocity vF = 0.9 eVÅ corresponds to a mean
free path of ≈ 60 Å, a value which is quite common
in ARPES experiments, also for not strongly correlated
materials [18, 23]. This means that the finite width at
EF is not necessarily connected with many-body proper-
ties. We also fitted the data with a Fermi liquid behavior
Γin(E, T ) = λ[E2 + (pikBT )2] (see blue line in Fig. 1(e)).
The comparison with the experimental data clearly shows
that the charge carriers for this hot spot do not exhibit
Fermi liquid behavior.
We emphasize that we can fit our Γin(E, T ) data, con-
3FIG. 2. Γ(E º pikBT, T )/E derived from ARPES as a
function of 3d count of various electron and hole doped,
and undoped ferropnictides and related compounds. Part of
the data have been presented already in Refs [4, 5, 7, 22].
 Ba1−xKxFe2As2,  Eu1−xKxFe2As2, Ò Ba1−xNaxFe2As2
, Ñ Ba(Fe1−xCox)2As2, © NaFe1−xCoxAs, I BaCr2As2,
• BaFe2As2. The filled markers correspond to antiferromag-
netic compounds. The ARPES data are compared with the
range of the superconducting phase (SC, blue), the spin den-
sity wave phase (SDW, magenta), and the range where both
phases overlap (yellow) [14].
taining both contributions from a finite energy and a fi-
nite temperature (T = 50 K), with the same coupling
constant λ. This gives us some confidence that the mod-
els for the fit we used, i.e., the marginal Fermi liquid
model and the assumption for the elastic scattering, is
reasonable.
In Fig. 2 we present the results for the inelastic scatter-
ing rates by plotting the slopes Γin(E º pikBT, T )/E ≈
λ for various hole doping concentrations. We complement
these results with similar ARPES data of electron doped
systems and related compounds, partially presented in
previous publications [4–7, 16, 24–26]. A weak minimum
occurs for the undoped BaFe2As2 sample. A large dif-
ference of the scattering rate between optimally hole and
electron doped compounds was already described in a
previous publication [5]. We see a clear maximum near
optimal hole doping. There is a remarkable decrease of
the scattering rates in the hole over-doped compounds,
although an enhancement of correlation effects is ex-
pected because there the 3d count is close to the half-
filled 3d shell. The ARPES results are compared with
the range of the superconducting phase (blue), the anti-
ferromagnetic phase (magenta), and the range were both
phases overlap (yellow) [14].
Discussion. Regions with a linear increase of the scat-
tering rates as a function of energy have been already de-
tected in other FeSCs and related compounds [4–7, 22]
They were discussed in terms of momentum and not or-
bital dependent strong correlation effects. We emphasize
that for the hot spots in FeSCs, a marginal Fermi liquid
behavior is observed independent from the doping con-
centration in the range of the 3d count from 4 to 6. This
is different from the nodal point in cuprates where for the
scattering rate a continuous superposition of a linear and
a quadratic energy dependence [27] or a Tn dependence
with n changing from one to two was discussed [28], when
moving from optimal to overdoped compounds.
It is interesting to note that the largest slope of the
scattering rate occurs near the optimally hole-doped
compound. We conclude that for this dopant concen-
tration, the charge carriers are completely incoherent be-
cause the scattering rate is about three times bigger than
the energy and therefore well above the Planckian limit
where Γin(E, T ≈ 0) = E [12]. Moreover, it is also re-
markable that the slope, which to our knowledge is the
largest slope ever detected by ARPES, is about three
times bigger than that in optimally doped cuprate su-
perconductors along the diagonal direction [28–31]. It is
certainly a challenge to understand how the completely
incoherent hot spots in the normal state transform into
a coherent superconducting state.
Using Fermi’s Golden rule and a local approximation,
the scattering rate is related to the on-site interaction
Ueff , which is determined by on-site Coulomb interaction
U and the Hund’s exchange coupling JH , and the sus-
ceptibility which determines the relaxation of the pho-
toelectron to lower energies by an electron-hole excita-
tions [32, 33]. According to Avigo et al. [6], the top of
the inner hole pocket and the bottom of the inner elec-
tron pocket are separated in these compounds by ≈ 0.1
eV. In a rigid band approximation, the Fermi level moves
≈ 0.5 eV per dopant electron/hole. Assuming that intra-
band transitions would be only possible when hole and
electron pockets cross the Fermi level, they could only
occur in a range of a 3d count of ± 0.2 around the un-
doped sample. This is in line with the maximum of Tc
for the hole doped system but too large for the electron
doped systems.
Superconductivity at higher dopant concentration
could be explained by the fact that the equation for the
superconducting transition temperature yields also solu-
tions for excitations away from the Fermi level in a range
of the coupling energies. If these excitations are spin
fluctuations, which have an energy range between 0.01
to 0.2 eV [34, 35], we can understand that for hole-doped
compounds there is also a finite Tc in the over-doped com-
pounds. On the other hand, the decrease of Tc can be un-
derstood by a decrease of the spin susceptibility, also de-
tected by inelastic neutron scattering [35], because in the
overdoped compounds, the electron or hole pocket has
moved far above or below the Fermi level, respectively.
This reduction of the scattering rate is clearly detected
for large hole doping. On the other hand, thermal prop-
erties have derived a strong enhancement of the effective
mass when going to higher hole doping [14]. This indi-
cates that the related flat bands close to the Fermi level,
detected in KFe2As2 by ARPES [36] and by quantum-
4oscillation experiments [37], are causing the largest band
mass enhancement, but not superconductivity.
In the same way the reduced scattering rate at high
electron doping together with a reduced Tc can be under-
stood by a larger distance of the top of the hole pocket
relative to the Fermi level [6, 38]. The stronger reduc-
tion of Tc compared to the hole doped compounds was
explained for Ba(Fe1−xCox)2As2 by a large pair-breaking
by Co scatterers [14].
Also for a 3d count of four, i.e., BaCr2As2 [22, 39],
reduced scattering rates (see Fig. 2) or correlation ef-
fects are detected. A reduction of correlation effects at
higher electron doping was also derived from ARPES re-
sults on the mass enhancement in BaCo2As2 [40] and
BaNi2As2 [41]. As explained in Ref. [5] the larger scat-
tering rate for the hole doped systems, when compared
to the electron systems, can be explained by an enhance-
ment of Ueff due to the larger Hund exchange coupling
in the proximity to the half-filled 3d shell [42, 43]. The
observation of a finite scattering rate at high dopant con-
centrations can be explained by a scattering of the inner
hole pocket with other bands close to the Fermi level.
Recently, there were several combined density func-
tional/dynamical mean-field theory (DFT + DMFT) cal-
culations on the scattering rates in FeSCs [5, 7] and calcu-
lation also taking non-local effects into account [10, 11].
Inherent to DFT+DMFT calculations, the calculated
scattering rates always showed a Fermi liquid behavior,
except one calculation which presented a linear in energy
dependence down to the lowest energies [10]. For LiFeAs
at 0.1 eV, scattering rates of about Γ = 2ZÚΣ = 0.015
were calculated. ÚΣ is the imaginary part of the self-
energy and Z is the renormalization factor. This is much
smaller than the experimental value Γin(E = 0.1 eV, T =
50 K) = 0.4 eV for K0.4Ba0.6Fe2As2 [see Fig. 1(e)]. Even
when we take into account that in the latter compound
correlation effects are three times bigger, there remains a
difference between experiment and theory of a factor of
about seven.
In summary, our results on the 3d count dependence
of the scattering rates clearly show that correlation ef-
fects alone are not the most important tuning parameter
in these systems. Rather a combination of 3d count de-
pendent correlation effects and susceptibility can explain
the scaling of the scattering rate and the superconducting
transition temperature presented in Fig. 2.
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